The Hartrampf perfusion zones of the lower abdominal flap are generally accepted. They were empirically based on the clinical impression of the perfusion in the first 16 unipedicled transverse rectus abdominis musculocutaneous flaps and have been uncritically adopted for the free transverse rectus abdominis musculocutaneous and the free deep inferior epigastric perforator (DIEP) flap. Scientific data proving the validity of these perfusion zones do not exist. The objective of this study was to evaluate and quantitatively assess the perfusion zones of the DIEP flap. Methods: In a clinical, prospective study of 15 patients undergoing DIEP flap breast reconstruction, tissue perfusion was intraoperatively assessed using the method of laser-induced fluorescence of indocyanine green. Results: Perfusion of zones I, II, and III was seen 25, 41, and 32 seconds, respectively, after injection, and the perfusion index constituted 76, 25, and 47 percent (median) of normal tissue. Perfusion of zone IV was completely absent in five patients (33 percent); in the remaining patients, it was dramatically decreased (5 percent) and occurred with a delay of 67 seconds. Conclusions: On the basis of the results of this study, the Hartrampf concept of a centrally perfused skin ellipse with declining perfusion of its peripheral ends is wrong and should be revised. Instead, one should think of the lower abdominal flap as two halves separated by the midline. The ipsilateral half has an axial pattern of perfusion; the contralateral half shows a random-pattern, individually variable blood supply. Therefore, the classic Hartrampf zones should be rearranged, switching zones II and III. (Plast.
D
ue to its volume, color, and texture, the tissue of the lower abdomen has become the work horse in autologous breast reconstruction. Extensive studies exist on the supply and drainage of this most versatile panniculus of tissue. To the reconstructive surgeon, the information of greatest importance concerns the quality of the vascular supply, as this sets the limits for the amount of tissue available for breast mound creation. Basically, not all of the abdominal tissue can be used, and the tissue with the poorest vascularity is routinely discarded.
The algorithm for selection of the flap tissue to be resected is based on the Hartrampf perfusion zones (Fig. 1 ). These zones divide the abdominal ellipse in four equal parts with different perfusion. The quality of vascularity becomes poorer as the zone number increases. Consequently, the higher zones are resected first, and the lower zones are left for reconstruction.
Familiarity with the Hartrampf perfusion zones is part of the basic knowledge of every plastic surgery resident. Few plastic surgeons, however, are familiar with the establishment of these zones and the evidence on which they are actually based.
Zoning of the abdominal panniculus was first described in the literature by Scheflan and Dinner in their articles on the unipedicled transverse rectus abdominis musculocutaneous (TRAM) flap. 1, 2 They divided the abdominal flap into four equal parts and numbered them according to their clinical impression of perfusion in the first 16 patients who underwent the procedure. 1, 2 Numbering of the perfusion zones was based on the tenet of a centrally perfused skin ellipse with a declining perfusion of the peripheral ends. The idea that the perfusion zones immediately adjacent to the territory of the vascular pedicle have better perfusion than zones that are farther away was obvious. Arguments were failing, however, to explain why the adjacent perfusion zone on the contralateral side (zone II) was considered to have better perfusion than the bordering perfusion zone on the ipsilateral side (zone III) (Fig. 1) .
Despite the significant work of Scheflan and Dinner, their perfusion zones became better known after Dr. Carl Hartrampf published his studies on the TRAM flap. 3 Thus, the Hartrampf perfusion zones, which we are all familiar with today, are actually based on the original description of Scheflan and Dinner. Nowadays, however, the inferior, rather than the superior, epigastric pedicle plays the dominant role in the transfer of lower abdominal tissue in autologous breast reconstruction. Thus, the free muscle-sparing TRAM flap and, more recently, the free deep inferior epigastric perforator (DIEP) flap both depend on the stronger inferior epigastric pedicle but are nourished by a lower number of musculocutaneous perforators, as opposed to Hartrampf's pedicled TRAM flap. Even though one can infer that the blood supply to these free flaps must be significantly different from that of a pedicled flap, the perfusion zones of the DIEP and TRAM flaps have not yet been evaluated.
The purpose of this prospective study was to delineate and quantitatively assess the perfusion of the lower abdominal flap when it is based on an inferior pedicle. In particular, we wanted to verify the continuous validity of the Hartrampf perfusion zones when free flaps are used in place of pedicled musculocutaneous flaps for autologous breast reconstruction.
PATIENTS AND METHODS

Patients and Operative Technique
The study included 15 consecutive patients undergoing autologous breast reconstruction with the DIEP flap from November of 2003 to August of 2004. All patients had a normal body habitus (body mass index Ͻ 30 kg/m 2 ). Morbidly obese and overweight patients were excluded from the study, as were patients with significant comorbidity or diabetes.
In the operating room, the patient was placed in the supine position. Two teams operated simultaneously, so that one team harvested the flap from the abdomen while the second team prepared the recipient vessels. The flap was harvested in the standard way, as previously described. 4 Two or three perforators were dissected, depending on their caliber. The location and number of perforator vessels are shown in Table 1 . Once a perforator vessel was found, the anterior rectus sheath was opened and the vessel was dissected from the rectus muscle fibers through a longitudinal split. The rectus abdominis motor nerves were spared when possible to avoid muscular denervation of the abdominal wall. When the deep venous system provided insufficient venous drainage, the superficial epigastric vein was dissected to enhance the venous drainage of the flap. 5 After the flap was transferred to the thorax, it was placed in the mastectomy region and sutured to the anterior chest wall. A conventional end-toend anastomosis was performed with 9-0 interrupted nylon sutures under surgical microscope enlargement. The internal mammary vessels were preferentially chosen as recipient vessels. 6 The recipient vessels in each individual patient are shown in Table 1 .
The study was approved by the our hospital's medical ethics committee.
Evaluation of Abdominal Flap Perfusion
Perfusion measurements were performed intraoperatively, immediately after dissection of the vascular pedicle was completed. Perfusion was assessed using the technique of dynamic laser fluo- 
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rescence videoangiography (IC-View; Pulsion Medical Systems AG, Munich, Germany). After the abdominal flap was isolated on the perforator vessels, the Hartrampf perfusion zones were marked on the abdominal skin ellipse with ink. Then, a single, 0.5-mg/kg dose of indocyanine green (ICG-Pulsion; Pulsion Medical Systems) was injected intravenously with a peripheral or central venous catheter. Under laser illumination (energy P i ϭ 0.16 W; wavelength ϭ 780 nm), the resulting fluorescence was recorded with a digital video camera using an infrared filter. Papaverine or other vasodilating agents were not used before or during the measurement.
Special software (IC-Calc; Pulsion Medical Systems) was used for quantitative analysis of the recorded video sequences, where the fluorescence intensity served as a function of tissue perfusion. In the four Hartrampf zones of the abdominal skin, the increment of fluorescence (the slope of the intensity curve during inflow of the indocyanine green) was recorded and compared with the intensity curve of normal tissue, which was not involved in surgery (at the level of the costal margin). The slope of the intensity curve of this region was set to 100 percent. This allowed a percentage comparison with normal, well-perfused tissue. The results were presented graphically as the percentage of pixel intensity increment compared with the reference region.
Furthermore, the time interval (seconds after injection) until the region of interest filled with dye was recorded and graphically displayed for each of the four perfusion zones.
Statistics
For statistical analysis, the Wilcoxon signed rank test for paired data was used to test the difference in the perfusion index of the surrounding skin and the individual perfusion zone. Statistical significance was set at 5 percent. Analysis was performed with SPSS software version 11.5.
RESULTS
Fifteen consecutive patients undergoing DIEP flap surgery were included in the study. Thirteen patients were having unilateral and two were having bilateral breast reconstruction following mastectomy. In bilateral reconstruction patients, the deep epigastric system was clamped on one side at the time measurements were taken. All reconstructions were performed as a delayed procedure.
The 15 intraoperative indocyanine green perfusion measurements were performed by the same investigator. A mean dose of 18.5 ml (range, 15 to 22 ml) of indocyanine green was injected intravenously. In 12 cases, a central venous line was used, and a peripheral venous line was used in three cases. No adverse reactions to the injection were noted.
Results of the indocyanine green videoangiography were stored as video and captured images (Figs. 2 and 3) . A quantitative evaluation of the video sequences was performed using the IC-Calc software. Results are graphically displayed in Figure 4 .
The median perfusion index in zone I was 76 percent of reference (mean, 75.43 Ϯ 21.9 per- 
DISCUSSION
Indocyanine green absorbs light in the nearinfrared spectral range with a maximum at 805 nm and emits fluorescence with a maximum at 835 nm. Thus, laser-induced fluorescence of indocyanine green is based on the same objectives as the fluorescence technique using fluorescein, but indocyanine green has helped overcome the physiological shortcomings of this substance. Penetrating deeper into the skin, the excitation light induces fluorescence from blood vessels within the deep dermal plexus and subcutaneous fat. 
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Currently, to the reconstructive plastic surgeon working with free and pedicled tissue transfer, laser-induced fluorescence of indocyanine green may provide the most accurate information on dermal and subdermal circulation. Previous experimental and clinical studies have convincingly shown the sensitivity of this technique for evaluating skin perfusion of pedicled and free flaps. [7] [8] [9] [10] Common to these studies was the ability to demonstrate the dynamics of flap circulation. Thus, videoangiography was able to visualize the inflow of blood through the feeding vessel(s) (the arterial phase), the spreading of blood across the flap (the perfusion phase), and the final distribution of blood within the flap. The significant correlation between dye-filling defects in the distribution phase and clinical outcome indicated a significant correlation between dye filling and the nutritive blood flow to the skin. 9, 10 We decided to perform the angiography before dividing the deep inferior epigastric vessels to leave the measurement independent of the patency of the microvascular anastomosis. Thus, the angiography was supposed to reflect the physiological territory of the inferior epigastric pedicle on the lower abdominal wall. Incited by previous findings in axial pattern skin flaps, the dynamic imaging provided by IC-View was supposed to demonstrate the spread of indocyanine green across the abdominal ellipse as it occurs in vivo, as opposed to previous nonphysiological anatomic injection studies in cadaver specimens.
Using a dynamic technique of perfusion evaluation, the results of this actual study provide significant additional information on the flow physiology of free perforator flaps. The quantitative assessment of skin perfusion in different areas enables the first evidence-based approach to zoning of the deep inferior epigastric perforator flap.
First and foremost, the results of the videoangiography studies were able to visualize what we logically and anatomically already know; namely, that the four empiric zones of Scheflan and Dinner are actually an adaptation of the angiosomes of the superficial and deep arterial epigastric system, as described by the exhaustive work of Taylor  and Palmer. 11 Thus, Hartrampf's peripheral zones III and IV overlap with the angiosome of the ipsilateral and contralateral superficial epigastric artery, and the central zones I and II coincide with the angiosomes of the ipsilateral and contralateral deep inferior epigastric artery. 12 Taylor and Palmer's angiosome concept implied the presence of watersheds between adjacent perfusion zones, and this is consistent with the dynamics of blood distribution among the four territories seen in the indocyanine green angiography. 13 Thus, a step-wise progression of perfusion across the adjacent perfusion zones could be observed, originating from the perforator arteries on the ipsilateral side (Figs. 2 and 3) . The poor perfusion of zone IV (Fig.  3, below) is probably in accordance with the greater distance of this region from the perforator arteries, as this most distal part of the flap is the only region where the blood supply has to pass the watersheds twice. Perfusion of zone III, however, occurred consistently faster and with a higher intensity than in zone II (Fig. 2, above and center) , even though these zones are an equal distance from the territory of the vascular pedicle (zone I). Thus, the choke anastomoses between the vascular territories on the ipsilateral side of the flap appeared consistently stronger than the choke anastomosis connecting the angiosomes across the midline (Fig. 4) .
This finding of a poor vascular cross-linking of the two halves of the deep epigastric perforator flap actually confirms previous observations. In 14 performed an anatomical study of 15 fresh cadavers and four abdominoplasty specimens to explain the variability of circulation in zone IV of the DIEP flap. By injecting the venous system with acrylic polymer, multiple branches were seen draining the subdermal plexus of the outer parts of the flap. Medial branches crossing the midline, however, were much less frequent and of a smaller caliber. Large side branches, providing a direct connection between the subdermal plexus of the two halves of the flap, could be found in only 18 percent of patients, and in 36 percent medial cross-linking of the venous system was completely lacking. 14 These findings raise significant doubt about the validity of the conventional Hartrampf perfusion zones in breast reconstructive surgery. So why were these zones taken for granted for so many years?
A careful reading of the literature shows that a switch of zones II and III had actually already been proposed. Thus, already a year after the original description of Scheflan and Dinner, Dinner et al.'s 15 further clinical observations persuaded the authors to change their minds about the arrangement of zones II and III. Despite that, the zones continued to be numbered according to their original description to this day.
As scientific evidence now becomes available for the true perfusion pattern of the abdominal panniculus, we believe that the time has come to number the abdominal skin correctly. Even though most experienced microsurgeons surely are aware of this already, a correct classification will aid in the teaching of young plastic surgeons, in accordance with the available anatomical and physiological facts (Fig. 5) . Basing this new zoning on the perfusion of the deep inferior epigastric perforator flap agrees with current standards for autologous breast reconstruction. 16, 17 Another significant finding of the present study regards the perfusion of zone IV in the DIEP flap. Even though clinical experience suggests that the blood supply to at least some DIEP flaps may be significantly less robust than that of a standard TRAM flap, 18 the results of the quantitative assessment were alarming. Thus, we found a mean reduction of skin perfusion in zone IV of median 95 percent, when compared with the perfusion of the surrounding skin, which was not involved in surgery (Fig. 4, above) . In 33 percent of patients, a total lack of perfusion of zone IV was noted.
As these perfusion indices make survival of skin and fat tissue improbable, these data add scientific evidence to the subjective opinion that zone IV should always be discarded in a DIEP flap, independent of the clinical impression of the perfusion on the table. 14,18 Also, it seems a reasonable precaution to avoid the DIEP flap in patients who need more than 70 percent of the usual TRAM flap skin paddle, unless unusually large perforators are present or unless an additional anastomosis on the contralateral side is made. 14, 18 Blondeel et al.
14 used the absence of crossing venous branches in the majority of patients to explain the variability and unpredictability of the survival of zone IV in the DIEP flap. Based on these findings and his clinical experience, he claimed that the limiting factor in survival of zone IV was not the arterial inflow but a failure of venous outflow.
Dynamic mapping of the arterial supply of the DIEP flap provided by this study does not support this assumption. Thus, it seems that the arterial inflow to zone IV is as unpredictable as the venous outflow.
SUMMARY
This study provided a dynamic investigation of the perfusion of the deep inferior epigastric perforator flap, as it occurs on the operating table. In vivo angiographies of the subdermal plexus have shown that the blood supply of the abdominal perforator flap occurs as a step-wise progression of perfusion across the skin paddle, originating from the perforators on the ipsilateral side. Arterial cross-linking of the two halves of the flap seemed to be poorer than previously believed, meaning that perfusion of the vascular territories across the Plastic and Reconstructive Surgery • January 2006 midline was always delayed and less intensive than in the territories on the ipsilateral side.
Based on the results of this study, the Hartrampf concept of a centrally perfused skin ellipse with a declining perfusion of the peripheral ends is wrong and should be revised. Perfusion of the lower abdominal flap should be reconsidered, thinking of this flap as two halves separated by the midline. The ipsilateral half has a very reliable, axial pattern of perfusion, whereas the contralateral half shows a random-pattern, individually variable blood supply. We propose that the classic Hartrampf zones should be rearranged, switching zones II and III. As the perfusion of zone IV of the DIEP flap is most frequently critically reduced, this part of the flap should always be discarded, except when unusually large perforators are present or when an additional anastomosis on the contralateral side is performed.
Further studies are warranted to evaluate the new vascular axes, which are enabled by continuous progress in microsurgical techniques. The dynamism of this new investigatory technique may help us to recognize and elucidate the complexity of the vascular system of the lower abdominal wall and its multiple interrelated territories. 
